Abstract An effective and efficient planning of an urban growth and land use changes and its impact on the environment requires information about growth trends and patterns amongst other important information. Over the years, many urban growth models have been developed and used in the developed countries for forecasting growth patterns. In the developing countries however, there exist a very few studies showing the application of these models and their performances. In this study two models such as cellular automata (CA) and the SLEUTH models are applied in a geographical information system (GIS) to simulate and predict the urban growth and land use change for the City of Sana'a (Yemen) for the period 2004-2020. GIS based maps were generated for the urban growth pattern of the city which was further analyzed using geostatistical techniques. During the models calibration process, a total of 35 years of time series dataset such as historical topographical maps, aerial photographs and satellite imageries was used to identify the parameters that influenced the urban growth. The validation result showed an overall accuracy of 99.6 %; with the producer's accuracy of 83.3 % and the user's accuracy 83.6 %. The SLEUTH model used the best fit growth rule parameters during the calibration to forecasting future urban growth pattern and generated various probability maps in which the individual grid cells are urbanized assuming unique ''urban growth signatures''. The models generated future urban growth pattern and land use changes from the period 2004-2020. Both models proved effective in forecasting growth pattern that will be useful in planning and decision making. In comparison, the CA model growth pattern showed high density development, in which growth edges were filled and clusters were merged together to form a compact built-up area wherein less agricultural lands were included. On the contrary, the SLEUTH model growth pattern showed more urban sprawl and low-density development that included substantial areas of agricultural lands.
Introduction
Most of damages and harmful effects in environment are caused by anthropogenic activities. The changes of land use and land cover occur due to urbanization caused by unplanned and uncontrolled urban sprawl which leads to change nature, destroy green cover and pollute the water resources. The present needs are analysis, understanding, modelling urban growth evolution and land use changes to save and provide suitable and safe environment for the mankind. Urban growth modelling is essential for analytical and the prediction of the dynamics of urban growth. GIS technique has been used to study, analyze and correlate urban activities and land use changes and its effects on ground water and environment. Most of these studies revealed that the urbanization and change in land use are important factors affecting the water resources and environment (Bathrellos et al. 2008 ). Urban models have been used to forecast future changes or trends of development, to describe and assess impacts of future development, and to explore the potential impacts of different policies. The geographical information system (GIS) offers a powerful tool for the spatial analysis of a multi-dimensional phenomenon (Youssef et al. 2011) . The susceptibility map is a practical tool in natural and urban planning. It reflects the availability of lands for urbanization and other requirements. Many factors such as slope, aspect, road network and land use are generally used during the model building (Bathrellos et al. 2009; Rozos et al. 2011; Al-shalabi et al. 2012) . In the literature, it is common to encounter methodologies using spatial multiple criteria analysis in GIS environment for urban growth management. The Analytic Hierarchy Process (AHP) and GIS has been popularly used to predict urban growth using many factors that affects future growth and water demand (Panagopoulos et al. 2012) . In the last two decades, a lot of research has been done on urban spatial modelling due to increased computing power, improved availability of spatial data, and the need for innovative planning tools for decision support (Geertman and Stillwell 2004; Brail and Klosterman 2001; Bathrellos et al. 2012; Biro et al. 2011; De Abreu and Filho 2011; Jabbar and Zhou 2011; Lv et al. 2011; Peng et al. 2011; Pradhan 2011) . Urban system models have shown potential in simulating the complexity of dynamic urban processes and can provide an additional level of knowledge and understanding of spatial and temporal change (Wu and Silva 2009; Kaya and Curran 2006; Pettit et al. 2002) . These aforementioned models include both macro and micro integrated cellular automata (CA) models (RIKS model) (Engelen et al. 1997 ), fuzzy CA model (Wu 1996) , ANN CA model, (Li and Yeh 2002) , multi-CA model (Cecchini and Rinaldi 1999) and the SLEUTH urban growth model that has been widely applied in the United States and many other parts of the world (Jantz et al. 2004; Leao et al. 2004; Yang and Lo 2003; Esnard and Yang 2002; Silva and Clarke 2002; Clarke et al. 1997; Zeug et al. 2006 ).
These models have been useful in planning and decision support for urban environmental management. They are applied together with other models, such as; the logistic regression model to identify the significant variables and rules that differentiate urban or city from rural and forest environments; the relative probability model which uses spatial interactions of neighbourhood, distance, patch size (parcels), and site-specific characteristics; and the focus group involvement to create a human input layer, set the growth scenarios, evaluate predictions and disseminate the information (Allen and Lu 2003) .
In a data deficient country like Yemen, urban environment planning and management have many challenges and most particularly the lack of a mechanism to forecast and predict urban growth trends and patterns. In Yemen, development in uncontrolled and planning is haphazard, lacking any clear vision about the future. For that reason, cities have many socio-economic, infrastructural and management problems. In this study, two urban growth models, i.e. the CA and the SLEUTH are applied in modelling the urban growth trend of Sana'a the biggest city in Yemen and to predict and forecast the growth pattern from the year 2004-2020. These advanced urban growth models have been developed using the factors by considering certain assumptions which have been popularly applied in many cities around the world (ESCWA 2007; Pedro and Zamyatin 2006) . This study tests the applicability of these models in a city where growth condition may be different; it also compares the output growth pattern of the two models.
Urban growth modelling using cellular automata (CA) and the SLEUTH models Cellular automata (CA) models were developed for many modelling purposes but have been popularly applied in the area of modelling urban studies and growth processes depending upon their transition rules, and calibration methods (Couclelis 1985 (Couclelis , 1997 . Many forms of urban CA have been used to simulate the spatial pattern of an actual city or a synthetic city (Batty 1997; Yeh and Li 2001) . Wagner (1997) explored the potential use of CA in urban planning and discussed theoretical obstacles in incorporating CA models in geographical context. These models have been used to study the evolution of urban land use, modelling urban forms; urban models and many other urban studies Engelen 1993, 1994; Clarke et al. 1997, Clarke and Gaydos 1998a, b; Batty and Xie 1997; Batty 2000) . In recent years, new CA models, such as URBANSIM, UPLAN, SLEUTH have been used to forecast future changes, trends of development, describe and assess impacts of future development, and to explore the potential impacts of different policies (Herold et al. 2001 ). CA models have many advantages in the modelling of urban processes that include the abil-ity to perform spatial dynamics, and time explicitly. After successfully analysing the similarities and capabilities of CA, Wagner (1997) proposed that CA can be considered as analytical engine of GIS. Raster GIS with map algebra can be integrated with enhanced capabilities as discussed by Takeyama and Couclelis (1997) . CA are considered to have a ''natural affinity'' with raster data. It has similarities with GIS, such as the representation of attribute information in a layered fashion, and the manipulation of information with operators (Overlay in GIS, Transitional rules in CA). The focal sum or focal mean functions of GIS has direct analogous with neighbourhood functions. Because of its natural affinity with GIS, it was obviously adopted by geographers as a tool for modelling spatial dynamics (Singh 2003) . Clarke et al. (1997) introduced the Clarke urban growth model, a precursor to the SLEUTH model for simulating historic change. The model aids the illustration and explanation of growth processes at a regional scale and predicts future urban growth trends. The model was successful in simulating urban change between 1900 and 1990 for the San Francisco area, and was later applied to the Baltimore Washington corridor (Clarke and Gaydos 1998a, b) , where calibrations and long term predictions for both San Francisco and Baltimore Washington were presented, allowing for an effective comparison to be made between the growth patterns and processes of the two urban systems. The SLEUTH model is now in a public domain C-language source code, available for download with documentation online from USGS website at http://www.ncgia.ucsb.edu/projects/gig. The model simulates land use change as a consequence of urban growth by working on a grid space of pixels, with a neighbourhood of eight cells of two cell states (urban/nonurban), and five transition rules that act in a sequential time steps. The states are acted upon by behaviour rules, and these rules can self-modify to adapt a place and simulate change according to what have been historically the most important characteristics.
SLEUTH requires five GIS-based inputs: urbanization, land use, transportation, areas excluded from urbanization, slopes, and hill-shading as a background. The input layers must have the same number of rows and columns, and should be correctly geo-referenced. For statistical calibration of the model, urban extent must be available for at least four time periods. Urbanization results from a ''seed'' urban file with the first urban year used, with at least two road maps that interact with a slope layer is used in order to allow the generation of new nuclei for outward growth. Besides the topographic slope, a constraint map represents water bodies, natural and agricultural reserves. After reading the input layers, initializing random numbers and controlling parameters, a predefined number of interactions take place that correspond to the passage of time. A model outer loop executes each growth history and retains statistical data, while an inner loop executes the growth rules for a single year.
Study area
The city of Sana'a, Yemen is located within the latitudes 15°10 0 00 00 and 15°30 0 00 00 North and longitudes 44°05 0 00 00 and 44°20 0 00 00 East (Fig. 1 ). The total area was 15,284.84 km 2 and the built up area was around 138.66 km 2 in 2003 (Al Shaibi et al. 2006) . The city has a moderate climate all year round, due to its location at about 2,200 m above sea level. Sana'a city is located to the Northern-central part of Yemen in a high valley extending from south to north. The old city has a unique urban and architectural design that dates back to over 2,500 years. In 2004 the total population of Sana'a was estimated at 1,747,834 (Al Shaibi et al. 2006; Alderwish and Almatary 2011) .
Data and methodology
Various data used in this study includes Quick bird satellite imagery (0.60 m) acquired in 2003, aerial photography (4 m) acquired in 1994, digital contour line map (10 m interval), hydrological map 1:50,000, road network and the city master plans maps from the Ministry of Public Works and urban planning and the statistical information for different years from Central Statistical Organization in Yemen. In developing countries the availability of data is a major concern for this kind of studies. In this study, the available data were collected between the years 1978-2003, this made it possible for the calibration process to register the progression of urban growth signature over the time period. Data for growth after 2003 were not available so could not be included in the calibration process. Data generally comprised maps of different types, dates, scales and time, those were pre-processed into a uniform geo-reference to create a profile of urban extent of Sana'a city over space and time and organized into spatiotemporal GIS database. Other types of data such as statistical information were collected from various reports published by different ministries and departments in Yemen in 1999. These data was further classified and clipped to the map extent (Hurskainen and Pellikka 2004) and transformed to the same cell size raster grids at 45 meter resolution. This resolution was used for all data layers. The grid dimensions were 527 columns by 811 rows. These datasets were also used as an input for the CA and SLEUTH model calibration process.
Prediction of urban growth and land use change using CA transition rules A suitability map was used to estimate the annual demand of land for urban development depending on the historical growth of Sana'a city. The evolution of a cell was determined by the suitability value and the number of cell that were developed. The cells were then calculated to establish how many cells had attained a particular state of a time Environ Earth Sci (2013) 70:425-437 427 transition rule (Xi et al. 2009; Watkiss 2008) . Cells are allocated to a particular state by selecting them from the set of available (the cells which can undergo transition) cells that are spread over the city. Subsequently, the cell candidatures were evaluated using multi criteria analysis (MCA) technique to determine their possible inclusion in the model. Equations 1 and 2 ere used for formulation of the model (Samat 2005) .
where, u tþ1 i;j = the state of the cell at row i and column j at time t ? 1; u t i;j = the state of the cell at row i and column j at time t; X t i;j = the development of cells within the neighborhood of the cell at row i and column j; and S t i;j = the suitability score for the cell at row i and column j for urban development.
In the above equation, the function f is formulated using IF, THEN and ELSE statements as shown in Eq. 1. The repeated application of this rule produced a complex spatial pattern.
IF ðS
Then u tþ1 i;j = urban; Else u tþ1 i;j = non-urban.
The urban growth rules involve the selection of a location by investigating the spatial properties of the neighboring cells, and urbanizing the cell under consideration based on a set of weighted probabilities using landuse and suitability map. High priority and suitable areas such as the master plan areas and proximity to existing developed areas are given a score factor of 5. The unsuitable and development restricted lands are given a score of 0. The details of these score factors are developed for transition rule processes (Table 1 ). After cells have been assigned score, the top scoring cells (cell available for transition) are allocated to particular states (land use type) using Eqs. 1 and 2 and afterwards each cell is assigned to an integer value based on land use classes.
Prediction of urban growth using the SLEUTH model SLEUTH is a moniker for the input data required to use the model: slope, land use, exclusion, urban, transportation and hill shade. It employs a raster data (8-bit GIF) as input format but it does not use GRIDs directly. For the modelling and prediction of urban growth, the model supports three different modes: test, calibration, and prediction. The model is computation-intensive especially in the Fig. 1 Location map of the Sana'a city and its urban extent calibration mode (Xi et al. 2009; Candau 2002) . The computation time varies from hours to days depending on the spatial resolution and the image size. According to Jantz et al. (2004) , it requires a several days to calibrate the urban growth for a medium-size city. The outputs include a series of GIF images, representing the yearly urban scenarios, which can be compiled into time series for animation that illustrates the urban growth pattern and change over time. Figure 2 shows the structure of the SLEUTH model as illustrated by Yang and Lo (2003) .
Model calibration
Urban areas throughout the world grow at different rates and in different ways due to varying economic conditions and environmental constraints (Kaya and Curran 2006; Daniels 1999) . Urban growth modelling (UGM) of Sana'a city will thus require predictions that are consistent with the factors and constraint with the city. Sana'a city model's coefficient values were derived from historical dataset that was ''fit'' to area through the UGM's calibration phase using the brute force method (Goldstein et al. 2004) . The model was first run in a calibration phase to obtain a suitable set of parameters which was further refined in the sequential calibration steps. The calibration allows the model to simulate urban growth from the past into the present with a very high degree of fit between the simulated years and the control years. The coarse calibration, took 25 unit steps for each entire coefficient space, for all coefficients. The fine calibration, took 5 unit steps and the final calibration took either 1-2 unit steps through the coefficient space. Table 2 shows a summary of the parameters and processing outputs obtained in the calibration.
Results and discussion
The prediction of urban growth change was performed by using GIS-based CA transition rule. The annual demand of land was estimated based on the models calculation of rate of change and urban growth for the calibration period/ historical data . The results presented in Table 3 shows that urban growth/extent of 138.6 km 2 in 2003 will increase to 149.63 km 2 in 2005, then to 183.62 km 2 in 2010 and 272.23 km 2 in 2020 respectively, with an average annual growth rate of 4.05 %. The prediction of the urban growth extent was paced with a difference of five years (2005, 2010, 2015 and 2020 ) so as to allow enough significant growth during the period to register a change in the prediction. The graphical presentation of predicted urban growth is shown in the sampled results for the year 2010 (Fig. 3) . The figure shows the growth pattern using a GIS-based CA model are compact in the suitability lands, i.e. the growth has filled spaces and has merged many clusters together around existing built-up areas and occupies the prioritized land in the master plan.
In this study, land-use was defined as state of cells at time 't', represented by five major categories: built-up area, agricultural land, industry land, green areas, and mountains. The suitability land was represented by five categories: high suitable, suitable, moderate suitable, less suitable, and unsuitable. The sampled results obtained from the prediction modelling for the year 2010 are presented here for better discussion and explanation of the growth and change of the land-use. Table 4 and Fig. 4 (Table 5) shows an overall accuracy of 99.6 %. This high level of accuracy was achieved because very high spatial data was used in the processing. The producer accuracy however was 83.3 % while the user's accuracy was 83.6 %. Considering the high level of accuracy achieved by the prediction, the dataset (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) was further used in the application of the model. The graphical maps of the actual urban area of 2003 and predicted were overlaid for visual comparison (Fig. 5) . Results of the SLEUTH urban growth model
The five coefficient values that were obtained in the calibration process were used to predict the urban growth from 2003 to 2020 for the city of Sana'a. The growth patterns indicate a very high value of diffusion and breed and also showed very high road gravity coefficient and low slope coefficients. Growth clearly occurred at the urban fringe resulting organic growth and increase in suburbs. Very high value of diffusion can be attributed to the fact that the city has no zoning plan which has allowed unrestricted outward growth in all directions. Table 7 shows the effect of the urban growth on land-use change. The annual probabilities transition from agricultural land to urban land is about 11.92 % and the annual transition for the mountain area is 0.03 % with 0.065 km 2 per year. The graphical results of the SLEUTH model prediction of urban growth for the year 2010 is shown in Fig. 6 . In this map it can be seen that the outward growth is scattered all over the map. The prediction of land-use change for the same year is shown in Fig. 7 .
Comparison between the CA and SLEUTH model A comparison was made between the two sampled modelling results for the year 2010 for both CA model and SLEUTH model to understand the dynamics of transitional probability change and also to estimate the variance between the two modelling approaches. Figure 8 shows an The actual urban growth and land use changes in Sana'a city that occurred from 2003 to 2010 are shown in Figs. 10 and 11 respectively. These figures give a clear assessment and comparison of the results of urban sprawl and land use changes that we have predicted using CA and SLUETH models used in this study. By comparing the results of both models with the real urban growth from 2010 (Figs. 10 and 11), it is evident that that models employed in this study is sufficient enough for prediction of urban growth.
The advantage of GIS-based CA is that it generated results with geographical reference and also handles large amount spatial data which allows for the creation of constraints and other criteria by assigning the weight that helped in determining whether sites were suitable or unsuitable to the growth modelling. The prediction by GISbased CA model reflected the projections of the master plan; thus can be used to develop master plan projection to support planning and decision making in the future. The prediction also shows a growth trend towards increased urban expansion due to increasing population growth. The pattern of urban growth would be greatly influenced by the controlled and protected lands and the physical characteristic of the terrain such as mountains ranges in northeast part of the city. The limitations of the model are highly dependent on the data quality, i.e. data of higher quality results in more accurate outputs. Other weaknesses affecting the models are growth in multiple directions and also their inability to recognize new urban development that occurred away from existing urban areas.
The SLEUTH model was found to be useful in visualizing and quantifying spatial growth extent. It also showed saving of about 25.41 km 2 of growth encroachment on agricultural land-use when compared with the CA model because its growth trend has more sprawl and low-density development patterns that leads to substantially less consumption of agricultural lands. The limitation of the SLEUTH model is that, it is very sensitive to the spatial resolution of data. Consequently, a higher resolution data improves the quality of data and the model output. The SLEUTH model also require high end computational capabilities such as the use of parallel computing environment, making this model extremely difficult to apply in a developing country with limited data inputs. It also observed that the composite results of the optimum values for the diffusion, spread, slope and road gravity parameters show successive improvement in the parameters that control the behavior of the system.
Conclusions
Urban modelling is an important technique for forecasting and studying urban dynamics to understand the potential impact of growth and future development. This study found that the major urban growth occurred in agriculture areas and around unplanned (low price) areas outside township boundaries where no infrastructure facilities (such as drainage systems and disposal management system) exist. This reflects the lack of clear policy that could control and guides urban sprawl in the city. This situation will results in serious socioeconomic and environmental problems in the near future. In this study the growth is mainly affected by topography and road networks. It is necessary to accommodate the fast population growth by following clear plan that take into consideration of the socioeconomic conditions, and exploit the growth factors to put clear policy and regulation by providing facilities and infrastructures which encourage the urban growth in controlled planned areas. The CA and SLEUTH are some of the models that have been extensively used in growth modelling. Although these techniques are useful for forecasting and prediction for future growth which support planning and decision making, they have seen little used in developing countries such as Sana'a, Yemen where their impact could be greatly appreciated. In this study the results of their application for prediction and simulation of the urban growth and land use change in Sana'a city showed a high overall accuracy of 99.6 %, producer accuracy of 83.3 % and user accuracy of 83.6 %. The growth pattern of CA model presented a compact and high density development, while the SLEUTH model presented an urban spread pattern with very low-density development. The study concluded that both models are very useful urban modelling tools and enable the prediction and generation of different urban growth scenarios in support of planning and decision making. By coupling the models GIS, output results showed geo-referenced map that helped to identify and demarcate specific locations for the implementation of planning policies. Implementation of the SLEUTH model however required many datasets and high end computing power for processing; this will be a major limitation in developing countries that have deficient resources. The study demonstrated an efficient implementation of the CA and SLEUTH models coupled with GIS in urban growth and land-use modelling and allowed the testing of different policy alternatives on growth scenarios.
